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Electrical Detection of Spin Accumulation at a Ferromagnet-Semiconductor Interface
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We show that the accumulation of spin-polarized electrons at a forward-biased Schottky tunnel
barrier between Fe and n-GaAs can be detected electrically. The spin accumulation leads to an
additional voltage drop across the barrier that is suppressed by a small transverse magnetic field,
which depolarizes the spins in the semiconductor. The dependence of the electrical accumulation
signal on magnetic field, bias current, and temperature is in good agreement with the predictions
of a drift-diffusion model for spin-polarized transport.
PACS numbers: 72.25.Dc,72.25.Mk,85.75.-d
The injection and detection of spin-polarized electrons
in semiconductors are two of the important problems
in the physics of spin transport. Recent experiments
have demonstrated that it is possible to maintain a non-
equilibrium spin polarization greater than 25% in a semi-
conductor by injection of electrons from a ferromagnetic
metal through a tunnel barrier [1, 2, 3]. In the case of
a Schottky barrier, spin accumulation also occurs when
electrons flow from the semiconductor to the ferromagnet
[4, 5, 6]. In almost all cases, however, measuring the spin
polarization in the semiconductor has required the use
of optical techniques. This raises the important question
of whether an electrically generated spin polarization at
a ferromagnet-semiconductor interface can also be de-
tected electrically. The strongest test of any electrical
spin detection measurement is the existence of a Hanle
effect [7, 8], in which spin accumulation is suppressed
by precession in a transverse magnetic field. A Hanle
effect has not been observed in electrical measurements
of spin accumulation in semiconductors reported previ-
ously [9, 10, 11]. In contrast, the optical Hanle effect has
served as the basis for a series of definitive measurements
of spin-dependent phenomena in semiconductors[12, 13].
In this Letter, we report a direct electrical transport
measurement of spin accumulation at an Fe/n-GaAs in-
terface in the presence of a forward-bias current. The
existence of a spin accumulation is established using the
electrical Hanle effect [7]. The spin-dependent voltage
across the interface is suppressed by precession in a mag-
netic field applied perpendicular to the direction of spin
polarization. The resulting peak in the voltage at zero
magnetic field has a width determined by the timescales
for spin precession, relaxation, drift, and diffusion. There
is no corresponding electrical signature of spin injection
under reverse bias, in agreement with a density of states
argument based on tunnelling.
The samples are grown on semi-insulating GaAs (100)
substrates. The lower part of the structure is composed
of a 300 nm undoped GaAs buffer layer, followed by
2500 nm of Si-doped n-GaAs (n = 3.6 × 1016 cm−3),
which forms the channel of the device. The junction re-
gion consists of a 15 nm n → n+ GaAs transition layer
followed by 15 nm n+ (5 × 1018 cm−3) GaAs [1]. The Fe
film, 5 nm thick, is then deposited epitaxially at ∼ 0 ◦C,
followed by a 2 nm Al capping layer. A Schottky tunnel
barrier is formed by the Fe and the highly doped GaAs
layer. Samples with other channel doping levels were also
prepared, as well as a control sample with the Fe film re-
placed with Al. The heterostructures are processed into
Hall bars in which the heavily doped GaAs layer at the
top of the structure is removed everywhere except under-
neath the Fe contacts. A photomicrograph of a typical
device is shown in Fig. 1(a). The six Fe contacts are
labelled a - e. The source and drain contacts a and b are
separated by 150 µm, which is much longer than the spin
diffusion length (∼ 10 µm at 10 K) and spin drift length
(∼ 30 µm at 10 K and 1.0 mA). The easy magnetization
axis of each 40 × 100 µm Fe contact is parallel to the
channel, which is along the GaAs [011] direction.
The calculated band diagram of the Fe/GaAs Schottky
contacts is shown in Fig. 1(b) for three bias voltages
covering the range of our experiment. Experimental I-V
curves at T = 10 K are shown in the inset. In addition
to the voltage Vab measured from the source (reverse-
biased) to the drain (forward-biased), we also measure
the other voltages indicated in Fig. 1(a). This approach
allows us to determine the voltage drops at the source
and drain contacts independently.
The lateral geometry allows us to image the spin po-
larization in the GaAs channel near the source and drain
contacts using the magneto-optical Kerr effect. We fol-
low the approach of Ref. 6 to verify that an electron
spin polarization exists at both the source and drain elec-
trodes in the presence of a current. The polarization near
the source electrode is due to spin injection through the
Schottky barrier [1, 3, 14], while the spin accumulation at
2FIG. 1: (color on-line) (a) Photomicrograph of the Fe/GaAs
device. The side contacts are used for the voltage measure-
ments indicated by the labels. (b) Band diagram near the
Fe/GaAs interface under reverse bias (0.2 V), zero bias (0 V)
and forward bias (-0.2 V). The inset shows the total (Vab),
drain (Vac), source (Veb) and channel (Vce) voltage measure-
ments when current flows from a to b at T = 10 K.
the drain electrode is due to the spin-dependent reflectiv-
ity of the barrier under forward bias [4, 5, 15]. In either
case, the polarization in the semiconductor is oriented an-
tiparallel to the magnetization of the Fe contact [6] and
is suppressed by applying a magnetic field of ∼100 Oe
perpendicular to the magnetization axis, demonstrating
the existence of a Hanle effect.
Given the existence of non-equilibrium spin popula-
tions at the source and drain, we consider the electri-
cal transport properties of the device when a small mag-
netic field (H ≪ 4piM) is applied perpendicular to the
plane of the structure. In this geometry, the magnetiza-
tion of each electrode remains fixed during the measure-
ment. Fig. 2(a) shows voltage measurements at 10 K for
a 0.8 mA bias current flowing from contact a to b, so that
electrons are flowing from b (source) to a (drain). The to-
tal source-drain voltage drop Vab is approximately 0.5 V.
A constant offset V0 is subtracted from each curve, and a
linear slope due to the Hall effect has also been removed
from the data for Vac and Vce. The important feature
of Fig. 2(a) is the peak at zero field in the total voltage
Vab as well as the drain voltage Vac. These two measure-
ments nearly coincide and have an amplitude ∆V ∼ 60
µV and full-width at half maximum (FWHM) ∼ 40 Oe.
In contrast, no peak is observed in the source and channel
voltages Veb and Vce. When the current direction in the
FIG. 2: (color on-line) (a) Voltage measurements for a current
I = 0.8 mA flowing from a to b as a function of magnetic field.
The source-drain voltage Vab ≈ 0.5 V. An offset is subtracted
from each curve, and a slope due to the Hall effect has been
subtracted from Vac and Veb. The contacts are labelled in
Fig. 1(a). (b) Measurements for I = 0.8 mA flowing from b to
a. For either current direction, the peak at zero field appears
only for measurements that include the drain contact.
channel is reversed, as for the data shown in Fig. 2(b), the
peak is observed only for the voltage measurements that
include contact b, which is now the drain. The amplitude
and FWHM of the peak are the same as in Fig. 2(a).
The asymmetry between source and drain shown in
Fig. 2 has been observed in every Fe/GaAs device of
this design that we have studied over the channel doping
range from 2 × 1016 cm−3 to 1.5 × 1017 cm−3. No peak
is observed in devices in which the Fe has been replaced
by Al. Since the the electrode magnetization remains
fixed, stray magnetic fields or anisotropic magnetoresis-
tance can be excluded as possible origins of the effect.
This conclusion is reinforced by the fact that the addi-
tional voltage drop is present only at the drain contact.
The voltage peak at zero field observed at the drain
contact is a signature of spin accumulation at the
ferromagnet-semiconductor interface. The effective re-
sistance of the Schottky barrier is higher when a spin
accumulation in the semiconductor is present. This is
consistent with the model of Ciuti et al.[15], in which
the barrier is less transmissive for the spin state that ac-
cumulates in the semiconductor. The accumulation is
suppressed by precession of the spin in a transverse field,
leading to a decrease in the voltage. This explanation
is also consistent with information inferred from the op-
tical detection experiments [6], with which a more de-
tailed comparison will be made below. As noted above,
however, a non-equilibrium spin polarization is detected
optically at both the source and drain electrodes, but the
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FIG. 3: (color on-line) (a) The source-drain voltage ∆Vab is
shown as a function of magnetic field and temperature. Solid
lines are the results of the modelling explained in the text.
(b) The Kerr rotation θK (proportional to Sz), measured near
the source, is shown as a function of magnetic field for three
temperatures. The solid curves are calculated using the same
parameters used to fit the transport data at each temperature
(parameters at 45 K are obtained by interpolation).
zero-field peak in the voltage is observed only at the drain
contact. This reflects the fact that the Fe/GaAs inter-
face acts as a tunnel barrier. At the reverse-biased source
contact, the injected electrons tunnel from filled states in
the ferromagnet into empty states in the semiconductor.
These states are at an energy eVs ≫ kBT above the
quasi-Fermi level for each spin, where Vs is the voltage
drop across the source contact. The fractional occupancy
of these states is therefore small, and so the number of
available states for each spin is essentially the same. As
a result, the tunnelling resistance under reverse bias does
not depend on the spin polarization in the semiconduc-
tor. The situation at the forward-biased drain contact
is very different, since both the filled states in the semi-
conductor and the empty states in the ferromagnet have
significant polarizations. In this case, the tunnelling cur-
rent should be sensitive to the spin polarization in the
semiconductor, as is observed experimentally.
Measurements of ∆Vab for different temperatures at
a fixed bias current of 1.0 mA are shown in Fig. 3(a).
To model these data, we adopt an approach used previ-
ously for spin-dependent transport in metals [7, 8], but in
this case the spins are generated and detected at a single
ferromagnetic contact (the drain). We assume a mecha-
nism in which the electrons in GaAs are polarized with an
orientation along the magnetization axis xˆ by scattering
from the interface at a point x1 [15]. This process cre-
ates spin polarization at a rate S0 per unit contact length.
The spins then drift and diffuse under the contact before
being detected at some time t at another position x2. As
the spins diffuse, they also precess about the applied field
B and decay with a relaxation time τs. The x-component
of the steady-state spin polarization Sx(x1, x2, B) at x2
due to spin generated at x1 is obtained by integrating the
Green’s function solution of the drift-diffusion equation
(including the spin relaxation and precession terms) over
time, so that [5, 6, 7, 8]
Sx(x1, x2, B) =
∫
∞
0
S0√
4piDt
e−(x2−x1+vdt)
2/4Dt−t/τs
× cos(gµBB
h¯
t)dt, (1)
where D is the diffusion constant, vd is the drift velocity,
g = −0.44 is the g-factor for electrons in GaAs, and µB
is the Bohr magneton. The average spin polarization
Sx(B) is determined by integrating Sx(x1, x2, B) over x1
and x2, which vary from 0 to L, where L = 40 µm is the
length of the drain contact.
With the exception of S0, the parameters in Eq. 1 are
determined at each temperature by independent mea-
surements. The drift velocity vd is calculated from the
current using the carrier density determined from Hall
measurements. The spin diffusion constant D is deter-
mined from the measured Hall mobility, accounting for
the temperature dependence of the Fermi distribution
function at this density[16]. The spin lifetime τs is deter-
mined by the optical Hanle effect as measured by Kerr
rotation. We assume that the voltage drop at the drain
is proportional to Sx(B) and fit the data of Fig. 3(a)
to the expected form of Sx(B) with S0 (effectively the
amplitude of the peak) as the only free parameter.
This procedure produces good agreement with the data
at high temperatures, but the widths of the modelled
peaks at low temperature are too small, with a discrep-
ancy of approximately a factor of two at 10 K. This re-
flects a greater sensitivity of the model at low temper-
atures to the time L/vd for the electrons to drift across
the contact. In practice, the current through the inter-
face will be concentrated near the upstream edge of the
contact and will be smallest near the downstream edge,
with a gradient determined by the resistances of the chan-
nel and the interface, which are comparable [see inset of
Fig. 1(b)]. We account for this by integrating over an
effective length Le < L that is adjusted to fit one set of
data (at 10 K) and then fixed for all other data sets. The
solid curves in Fig. 3(a) are calculated using Le = 15 µm.
An important aspect of the data that is predicted by
the model is the increase in the FWHM of the peak as
T increases above 30 K. This is due to the temperature
dependence of τs [17], which decreases in this sample from
45 nsec at 10 K to 5 nsec at 60 K. The peaks continue to
4FIG. 4: (color on-line) (a) The source-drain voltage ∆Vab at
T = 10 K as a function of magnetic field for four different bias
currents. Each curve is offset for clarity. The solid lines are
the fitted curves using the model explained in the text. (b)
∆Vab at T = 10 K and I = 2.0 mA for three n-type samples
with the channel dopings indicated in the legend.
broaden and decrease in amplitude above 60 K, but they
can no longer be resolved above 80 K.
We can also show that the field dependence of the spin
polarization that we measure electrically is the same as
that measured by more traditional optical methods. To
demonstrate this, a small magnetic field is applied in
the plane of the sample (perpendicular to the magnetiza-
tion), and the spin polarization is measured using Kerr
microscopy [6]. Electrically injected spins precess into
the z-direction, leading to a Kerr rotation θK propor-
tional to Sz . Fig. 3(b) shows θK measured at the edge of
the source contact at three different temperatures. The
solid curves are generated using the same parameters as
for the transport data of Fig. 3(a) (except for the ampli-
tude), with Eq. 1 modified to account for the fact that
θK is sensitive to Sz rather than Sx. In this case, we
integrate only over the source coordinate because θK is
measured at a single point. The agreement with exper-
iment is very good, providing extremely strong support
for the interpretation of the transport measurements.
Besides τs, the other timescales that can determine
the FWHM of the voltage peak are L2e/D, Le/vd, and
4D/v2d. These have little effect at high temperature be-
cause they are all much larger than τs. At low temper-
atures, however, the two timescales that depend on vd
become shorter than τs at the highest bias currents. The
source-drain voltage Vab is shown for several different bias
currents at 10 K in Fig. 4(a). The solid curves are gener-
ated from the model with Le = 15 µm. The amplitude,
which is the only other parameter, is nearly proportional
to the current. The FWHM of the model curves also in-
creases with current, due primarily to the fact that Le/vd
decreases from 130 nsec at 0.2 mA to 20 nsec at 1.0 mA.
The limiting width at small bias is set by spin relaxation
(τs = 45 nsec at 10 K) and diffusion.
The width also increases with bias current in the exper-
imental data. At the highest currents, however, the peaks
become sharper in the region |B| < 10 Oe. This can be
seen more prominently in Fig. 4(b), which shows ∆Vab at
a current of 2.0 mA for this sample (n = 3.6×1016 cm−3)
and two others with different channel dopings. The nar-
row features near zero field become stronger with decreas-
ing doping and are characteristic of an enhancement of
the effective magnetic field acting on the electrons due
to dynamic polarization of nuclei [18]. This effect is reg-
ularly observed in optical pumping experiments and is
also seen in optical measurements of the spin accumu-
lation under forward bias [4, 5]. Excluding very small
fields, Fig. 4(b) shows an overall correlation between the
FWHM and doping that is expected given the depen-
dence of τs on carrier density [17, 19]. For example,
the highest FWHM is observed for the sample with the
largest channel doping (1.3× 1017 cm−3).
The measurements discussed here show that the elec-
trically generated spin accumulation at a forward-biased
n-GaAs/Fe Schottky contact can also be detected elec-
trically. A quantitative comparison is made with the
established approach of optical detection. The results
demonstrate that it is possible to determine important
parameters of a semiconductor spin transport device us-
ing electrical measurements alone.
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